The Air Quality Health Index (AQHI) is an aggregate measure of outdoor air quality. We investigated associations between the AQHI and emergency department (ED) visits for acute ischemic stroke to validate the AQHI as a predictor of risk of morbidity from stroke. ED visits in Edmonton, Canada between 1998 and 2002 were linked to hourly AQHI values and concentrations of carbon monoxide (CO), nitrogen dioxide (NO 2 ), ozone, particulate matter with aerodynamic diameter less than 2.5 and 10 mm, and sulfur dioxide. A time-stratified case-crossover analysis was employed, and measures of association were adjusted for temperature and relative humidity. The AQHI, NO 2 and CO were positively associated with the number of ED visits for ischemic stroke during April-September, and associations were strongest for persons 75 years of age and older. In this age range, the odds ratios (95% confidence intervals) for an interquartile range increase of AQHI in 1-24 h, 25-48 h, and 1-72 h lag periods were 1.23 (1.08-1.40), 1.15 (1.01-1.31), and 1.30 (1.10-1.54), respectively. Significant positive associations were also observed for NO 2 and CO. Our finding that ED visits for stroke were significantly associated with the AQHI suggests that the AQHI may be a valid communication tool for air pollution morbidity effects related to stroke.
INTRODUCTION
The Air Quality Health Index (AQHI) is an indicator of the shortterm health risks associated with air quality that is based on concentrations of multiple air pollutants known to adversely affect human health. It was developed as a health information tool to help the general public, and particularly those vulnerable to the effects of air pollution so that they can adjust their activity levels to minimize their exposure to air pollution. The ultimate goal of the AQHI is to reduce the risk of an adverse health event. It has been developed by Health Canada and Environment Canada, in collaboration with Canadian provinces and health and environment stakeholders. 1, 2 The AQHI is calculated based on the relative mortality risk of a combination of ground-level ozone (O 3 ), fine particulate matter with aerodynamic diameterr2.5 mm (PM 2.5 ), and nitrogen dioxide (NO 2 ). The AQHI has a scale that ranges from 1-10 þ with higher values denoting poorer air quality. It is typically categorized as 'low' (scores of 1-3), 'moderate' (scores of [4] [5] [6] , 'high' (scores of [7] [8] [9] [10] and 'very high' (scores410) human health risk; it is also accompanied by advice to limit exposure to air pollution based on 'at risk' and general populations. The scientific foundation for the AQHI is based on epidemiological research undertaken in multiple cities across Canada. [2] [3] [4] Since 2007, current and forecasted daily values of the AQHI have been reported by Environment Canada for selected cities on its website. Currently, the AQHI is available for B80 locations across 10 provinces, which provides coverage for B20 million people or nearly two-thirds of the Canadian population. 5 Canadian federal and provincial governments have provided funding to promote and implement the AQHI 6 and it is available to the public nationally through the Weather Network 7 and in many areas through local newspapers and weather reports, or specifically funded outreach programs.
The AQHI is increasingly being used as an information tool for the public to assist them with decision-making to adjust their exposure and risks related to air pollution. Despite its popularity, there are questions about whether composite measures such as the AQHI are predictive of morbidity as well as mortality. In this analysis, we investigate ischemic stroke as an example of morbidity.
A large number of epidemiological studies have examined the associations between daily levels of ambient air pollutants and hospital admissions or emergency department (ED) visits for stroke. Most studies have demonstrated a significant positive association between air pollutants and acute ischemic strokes. PM 2.5 , NO 2 , particulate matter with aerodynamic diameter r10 mm (PM 10 ), carbon monoxide (CO) and ozone are the most commonly observed pollutants associated with ischemic stroke admissions. [8] [9] [10] [11] [12] [13] Our previous study found that increased levels of NO 2 and CO contributed to an increased incidence of ED visits for acute ischemic stroke among the elderly aged 65 years and older in the warm season.
the three pollutants (O 3 , PM 2.5 , NO 2 ) used for AQHI calculation, of which individual pollutants are most consistent with observed associations with the AQHI; and 3) whether observed associations are more pronounced in the elderly. Our a priori hypotheses were that the likelihood of ED visit for acute ischemic stroke was positively associated with the AQHI, and that these associations were more pronounced among the elderly compared with younger adults. We also add to our previous findings in that unlike most studies that have used daily average or maximum concentration of pollutants, in this study we calculated hourly AQHI values and employed exposure durations as short as 8 h.
MATERIALS AND METHODS

Study Population
Detailed information on the data sources used for this study population and the air pollution measures have been described elsewhere. 12 Briefly, data on ED visits were supplied by the former Capital Health Authority (now referred to as Alberta Health Services-Edmonton Zone) for the five main Edmonton area hospitals. The data covered the period between 1 April 1992 and 31 March 2002; however, as hourly PM 2.5 concentrations were not routinely monitored until 17 April 1998 in Edmonton, we restricted analysis to those patients treated at these EDs from 17 April 1998 to 31 March 2002. ED visits were identified based on a discharge diagnosis using the International Classification for Diseases 9th revision (ICD-9). This study was restricted to the visits for acute ischemic stroke (ICD-9: 434 and 436).
Air Pollutant and Meteorological Measurements
Air pollution data were obtained from the National Air Pollution Surveillance (NAPS) network operated by Environment Canada.
14 In Edmonton, during the study period, the NAPS network collected pollutant data from three fixed monitoring stations that were in operation across the city. CO, NO 2 , O 3 , and SO 2 were measured using 'reference methods' or 'equivalent methods' as designated by the US Environmental Protection Agency. 15 CO was measured using non-dispersive infrared spectrometry, NO 2 using chemiluminescence, O 3 using chemiluminescence/ultraviolet photometry, and SO 2 using coulometry/ultraviolet fluorescence. PM 2.5 or PM 10 was measured using tapered element oscillating microbalance instruments. Hourly means of CO, NO 2 , O 3 , SO 2 , PM 2.5 , and PM 10 from three stations were obtained and averaged into one hourly measure for the whole city. The hourly temperature and relative humidity were obtained from Environment Canada's weather archive. 16 The hourly estimates were based on the measurements taken at the top of the hour, for example, records between 0001 hours and 0100 hours are recorded as the first hour of a day.
AQHI Calculation
The AQHI is calculated based on the excess mortality risk of a combination of three air pollutants that time series studies have shown to be associated with increased mortality: ozone, PM 2.5 , and NO 2 . This calculation employs rolling 3-h average pollutant concentrations (average of the current and 2 previous hours), as the trailing 3-h average concentrations had been seen as being more stable than a 1-h average. 17 The following formula was used for calculating the AQHI for every hour: 
Study Design and Statistical Analyses
We used the time-stratified case-crossover study design to estimate the association of air pollution concentration on ED visits for acute ischemic stroke. 18, 19 In this design, each individual's exposure before a case-defining event (case period) is compared with his or her own exposure experience during the control periods, where it is assumed the individual did not experience the same health outcome. This design has been reported to be effective in controlling for confounding factors such as season, day of week, time trends, and other personal lifestyle factors that are assumed to remain invariant between case and control periods (i.e., body mass index, smoking status).
The case period for acute ischemic stroke visit was defined as the top hour of the day of presentation, so the time period can be consistent with that of hourly pollutant measures. For example, if a recorded ED visit time was at 0610 or 0650 hours, the time assignment was 0700 hours. Control periods were selected by matching the same hour on the same day of the week within the same month and year as the case period. As a consequence, each case period has a total of either three or four matched control periods that could occur either before or after the visit (case period). This approach allows unbiased conditional logistic regression estimates. 20 The time of presentation to the ED was used as the basis for assigning exposure to ambient pollution for both the AQHI as well as individual pollutants. We defined exposure at the time of presentation as lag 0. We averaged the hourly AQHI values over the different lag periods and examined the exposures for lag 1-8 h and lag 9-16 h before the ED visits. We also examined the association for lag 1-24 h, lag 25-48 h, and lag 1-72 h to match the exposure lag periods with other similar shortexposure stidies. [8] [9] [10] [11] [12] [13] These studies usually used daily pollutant concentrations and conducted the analysis for the same day, lag 1 day, and 3-day average. Using the AQHI or a single pollutant as a major independent variable, we conducted analysis for the whole year and stratified analysis for the warm season (April-September) and cold season (October-March). Stratified analysis was also performed across age groupings (25-64, 65-74, 75-84, 85 þ ) and sex.
Conditional logistic regression was used to estimate associations between stroke visit and the AQHI or individual pollutants, after adjusting for temperature and relative humidity. In these models, both temperature and relative humidity had the same lag period as the AQHI or pollutants. Results are reported as odds ratios (ORs) and 95% confidence intervals (CIs) for ED visits for acute ischemic stroke in association with an interquartile range (IQR) increase in AQHI, or concentration of individual air pollutants, adjusted for temperature and relative humidity. We examined the model fit by using Akaike information criterion (AIC).
The University of Alberta Health Research Ethics Board, which oversees the research activities of the participating hospitals, approved access to the data. These data were aggregated and then transferred to Health Canada for analysis after personal identifying information was removed. This study was also approved by Health Canada's Research Ethics Board.
RESULTS
Descriptive Statistics
A total of 5257 patients presented to the Edmonton area EDs with a diagnosis of acute ischemic stroke during the study interval (Table 1) . Overall, B51% of visits were by males, and 51.4% of visits occurred during the warm season. We excluded 28 visits for patients aged younger than 25 years, leaving 5229 visits in the analysis. Table 2 summarizes the mean, median, SD, percentile (5th, 95th) and IQR values of hourly AQHI, ambient air pollutants (CO, NO 2 , SO 2 , O 3 , PM 10 , and PM 2.5 ), and meteorological variables in the warm, cold, and all seasons between 1998 and 2002. In general, the mean pollutant levels were higher in the cold seasons than in the warm season for CO, NO 2 , and SO 2 , whereas opposite trends were observed for O 3 , PM 2.5 , and PM 10 . The average AQHI was 3.31, with a warm season mean value of 3.14 and cold season mean value of 3.47. There was moderately greater variation for AQHI levels during the warm season (5th-95th percentile of AQHI ¼ 1.62-4.95; IQR ¼ 1.33) than in the cold season (5th-95th percentile of AQHI ¼ 2.10-5.27; IQR ¼ 1.25).
The Pearson correlations between the hourly measures of air pollutants, AQHI, temperature and relative humidity, by season, are displayed in Table 3 . All correlations were statistically significant (Po0.05) except for O 3 vs AQHI. Stronger correlations were evident among PM 2.5 , CO, NO 2 , PM 10 , and AQHI.
Association Between Exposure to Air Pollution and Acute Ischemic Stroke The adjusted ORs of ED visits for acute ischemic stroke with various pollution exposure lag periods by season and for the whole year are displayed in Table 4 . During the cold season, AQHI and air pollutants did not exhibit statistically significant associations with ED visits for acute ischemic stroke. In contrast, during the warm season, AQHI, NO 2 and CO exhibited statistically significant associations with ED visits for stroke, whereas PM 2.5 and PM 10 exhibited borderline significant associations. These associations were stronger when the exposure time was longer. For example, 72 h of exposure before ED visit (lag 1-72) showed the highest ORs. No associations were identified for SO 2 or O 3 . Additional lag periods are shown in Supplementary Table S1 .
The adjusted ORs of ED visits for acute ischemic stroke per IQR increase in AQHI by age group during the warm season are presented in Table 5 . This analysis demonstrated that patients aged 75 years and older had higher ORs of acute stroke than younger age groups. The increase in AQHI was associated with a significantly increased risk of ED visits across almost all lag periods for the patients aged 75-84 years, with the highest OR for lag 1-72 h. Stronger positive associations were observed in patients aged 85 years and older, although this association was not significant probably due to the small number of cases in this group. Associations of the AQHI and NO 2 with stroke visits in the cold season were also stronger in patients 75 years and older compared with those 65 years and older, but they were not statistically significant (Supplementary Table S2 ). Analysis by sex for patients aged older than 75 years revealed that ORs in relation to the AQHI were greater than 1 for both males and females for all lag periods; they were generally greater for males compared with females. For lag 1-72 h exposure: in males, OR ¼ 1.40 (95% CI: 1.08, 1.82), and in females, OR ¼ 1.23 (95% CI: 0.99, 1.53) (Supplementary Table S3 ). Table 6 summarizes the adjusted risk estimates between ED visits and air pollution in three types of pollutant models (AQHI, selected single pollutants, or joint models with three pollutants) for patients 2 , which were highest, and those for O 3 and PM 2.5 , which were close to zero. These findings suggest that NO 2 is the most prominent contributor for air pollution-related risk of ischemic stroke in this study.
DISCUSSION
The AQHI was developed as a health information tool to help the general public, and particularly those vulnerable to the effects of air pollution so that they can adjust their activity levels to minimize their exposure to air pollution. The ultimate goal of the AQHI is to reduce the risk of adverse health events at a population health level. This index pays particular attention to people who have a higher sensitivity to air pollution (such as people with cardiac or respiratory disease, children, and the elderly) by giving targeted health messages to susceptible groups. Governments and stakeholders in Canada have expended considerable effort and resources in developing the AQHI forecast system and promoting the AQHI tool among the public, heath-care providers and patients. As the AQHI was calculated based on the association between air pollution and mortality, to date, little information is available about whether AQHI is also associated with morbidity risks, or measures of cardiovascular and respiratory function. In our study, we examined the relationship between AQHI and ED visits for ischemic stroke in Edmonton between 1998 and 2002. To our knowledge, this is the first study that has investigated the relationship between the AQHI and ischemic stroke, and has compared the results from the AQHI models with models using individual pollutants. Findings from our study demonstrate an association between AQHI and risk of acute ischemic stroke, especially in older seniors. Our analyses also suggest that the strongest effects were observed with ambient NO 2 , a finding that is consistent with two previous studies in Edmonton. 12, 21 However, a comparison of AIC values from goodness of fit tests showed that AIC values were lower in almost all AQHI models compared with single-pollutant models, indicating that AQHI models fit the data better than single-pollutant models. Taken together, these findings suggest that AQHI, although derived from mortality risk, represents a valid predictor for the risk of acute ischemic stroke.
A few studies have been reported regarding AQHI and morbidity outcomes. To et al. 22 reported that a unit increase of daily AQHI was associated with a substantial increase in ED visits, outpatient visits and hospital admissions for asthma in the province of Ontario, Canada. In the paper by Stieb et al. 2 , alternative AQHI formulations were considered, including one where AQHI coefficient was derived from the association between air pollutants and hospital admissions for COPD using results from the multi-city Air Pollution and Health: A European Approach (APHEA) study. The authors found that this alternative formulation using coefficients based on COPD hospital admissions rather than mortality exhibited a similar distribution compared with that based on mortality risk. A recent study from China 23 showed that hospital admissions, outpatient visits, and emergency room visits were associated with daily AQHI, which was calculated by using an additive formula containing PM 2.5 , NO 2 , and O 3 . The formula is similar to that employed here but using coefficients derived from an analysis of mortality and air pollutant concentration in Shanghai.
We found positive and statistically significant associations between AQHI and ED visits for acute ischemic stroke in the The patients were aged 75 years and older.
warm season, but not in the cold season. It has been well documented that, on an average, adult Canadians spend much less time outdoors during the cold season (on average 33 min/ day) than in the warm season (148 min/day). 24 Reduced exposure to outdoor pollutants in the cold season may result in increased exposure measurement error when using air pollution data collected from central monitoring stations, leading to an attenuation of association estimates. 25, 26 We observed age differences in the associations of ED visits for stroke with AQHI, with stronger associations found in the elderly (Z75 years of age). Elderly people have been reported to have higher prevalence of cardiovascular diseases and associated risk factors than younger populations. In the United States in 2005-2006, the prevalence of cardiovascular disease (including coronary heart disease, heart failure, stroke, and hypertension) for males aged 20-39, 40-59, 60-79, and 85 þ years was 15.9%, 37.9%, 73.6%, and 79.3%, respectively. 27 One Canadian study also showed that the prevalence of cardiovascular disease risk factors (smoking, obesity, physical inactivity, elevated blood cholesterol level, diabetes and hypertension, awareness of CVD risk factors and education) increased with age: among adults aged 18-74 years old, 64% of men and 63% of women had one or more of the major risk factors, whereas in people aged 65-74 years this reached 80% in men and 89% in women. 28 These pre-existing health conditions may render elderly people more susceptible to air pollution-related stroke events. Indeed, many studies have demonstrated that people with prior comorbid conditions (including CVD, diabetes, respiratory diseases) may have a higher risk of cardiovascular morbidity and mortality associated with ambient air pollutant levels. 9, 21, [29] [30] [31] [32] [33] Therefore, findings from this study support AQHI messaging that the elderly population is an ''at risk'' population, more sensitive to air pollution than the general population. 34 One merit of this study is that we had the exact time of an ED visit for each patient. With this information, we were able to link ED visits and pollution data by time (hour) and date, which gave a more accurate estimate of the time lag of the air pollution effect. The associations in the warm season were statistically significant across various exposure lag periods. The risks increased as the AQHI was averaged over longer exposure periods, suggesting that risks are cumulative over this period.
AQHI values were low (the 95th percentile for warm season AQHI was 4.95, which falls within the 'Moderate' AQHI category). In this category, the advice for at-risk populations (those with respiratory or cardiac disease) is to 'Consider reducing or rescheduling strenuous activities outdoors if you are experiencing symptoms.' We have not attempted to identify a threshold in the concentration-response relationship between the AQHI and ischemic stroke ED visits, however, our findings of significant associations at these low levels could mean that thresholds for existing AQHI messages may not be sufficiently protective, particularly as elderly individuals without heart or lung disease are not identified as being 'at risk' until even higher values on the scale (7 or greater). At the same time, protective advice must be balanced against potential benefits of outdoor physical activity.
One limitation in this study is that like most other ecological epidemiology studies, which use large administrative data sets for research on air pollution, we used pollution data collected from fixed-site monitoring stations to provide estimates of patients' exposure to ambient air pollution. This may result in exposure measurement error, compared with individual level or more spatially comprehensive exposure monitoring. This exposure measurement error, however, is anticipated to be non-differential, as individuals serve as their own controls in a case-crossover approach. More importantly though, these fixed-site monitors are in fact used to calculate real-time AQHI values, they are the appropriate measure for our study, which was designed to examine the validity of the AQHI in predicting morbidity risk.
It has been suggested that individuals who are at the greatest risk of adverse effects from air pollution exposure might be more inclined to pay attention to advice provided through air quality index or advisory systems and take action to reduce their exposure; failure to account for this tendency may produce a downward bias in air pollution effect estimates. 35 However, as the AQHI was not implemented in Alberta until after the data collection for the current study was completed, and air quality advisories were rare for the city, we would not expect that the knowledge of individuals of air quality would influence our findings in this way.
CONCLUSION
The AQHI is calculated based on the excess mortality risk of a combination of NO 2 , O 3 , and PM 2.5 in ambient air. Our analyses indicate that AQHI was positively associated with ED visits for acute ischemic stroke during the warm season in a northern urban Canada centre. This association was most notable for those aged 75 years and older. Much of the association between AQHI and ischemic stroke was driven by NO 2 . The results from AQHI models were consistent with those derived from single-pollutant models for risk of ED visits for stroke. The AQHI can be a valid predictor for the risk of acute ischemic stroke.
